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The AAF Scientific Advisory Group was activated late
in 1944 by General of the Army H. H. Arnold. He se-
cured the services of Dr. Theodore von Karman, re-
nowned scientist and consuitant in aeronautics, who
agreed to organize and direct the group.

Dr. von Karman gathered about him a group of Ameri-
can scientists from every field of research having a
bearing on air power. These men then analyzed im-
portant developments in the basic sciences, both here
and abroad, and attempted to evaluate the effects of their
application to air power.

This volume is one of a2 group of reports made to the
Army Air Forces by the Scientific Advisory Group.
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The present war started on both sides with “conventional” weapons and equip.
ment; conventional because their principles of action, design, and performance were
fundamentally known to the enemy. During the war both sides produced equipment
and weapons of astonishing effects which will certainly change the whole picture of
future aerial warfare.

This report is concerned with the main fields in which significant advances have
been made and tries to show “where we stand” with some indications as to “where we
shall go.”

For future planning of research and development, the following new aspects of
aerial warfare have to be considered as fundamental realities:

1. Aircraft, manned or pilotless, will move with speeds far beyond the velociiy
of sound,

2. Due to improvements in aerodynamics, propulsion, and electronic control,
unmanned devices will transport means of destruction to targets at distances up 1o
several thousands of miles.

3. Smoll amounts of explosive materials will cansc destruciion over areas of
several square miles,

4. Defense against present-day aircraft will be perfecred by target-seeking
missiles.

5. Only aircraft or missiles moving ar exireme speeds will be able 1o penetrate
enemy territory protected by such defenses.

6. A perfect commumication systemn hetween fiphtey command and each individ-
val aivcraft will he establisted.

7. Locating and observation of iargets, take.off, navigation and landing of air-
craft, and convunnication wil) be independeat of visibility and weather.

, B Fally comipped aivhoene task forces will be enabled to strike at far distant
points and will b supplsed by aie,
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RESTRICTED

WHERE Wk STAND

SUPERBONIE BRLIGHTY

Supersonic flight appeared before 1940 as a remote possibility. Supersonic
motion was considered as characteristic of artillery shells; level flight supported by
wings was thought to be confined to the subsonic speed range. Some people talked of
the stone wall against which we were running by trying to fly faster than sound.

One of the main results of bolder and more accurate thinking, and more expesi-
mentation in the last few vears, is the fact that this stone wzall disappeared, at least in
our planning, and will disappear in actual practice if efforts are continued.

I believe the first engineering analysis presented in this country was contained in
a report by myself and my collaborators early in 1944. It was shown in this report that
an airplane of 10,000 lb gross weight, and 80 1b/sq ft wing loading, can climb io
40,000 ft altitude, veach a speed of 1000 mph, and fly at this speed for five minutes. As
the propulsion device, a yamjet was considered.

The two main requisites of supersonic flight are the development of air frames
which are aervdynamically efficient in the supersonic range and the development of
lightweight efficient propulsion uaits.

‘The German contribution to the problem of supersonic flight is mainly on the
aerodynamic side. Wo particular advance has been made by them in power plants such
as the ramjet and turbojet for extremely high speeds. 'L'he Gesmans tested these power
plants only at subsonic speeds Their main contributions to aerodynamics were as
follows:

1. By wind-tunnel testing and by firing of winged rissiles, it was shown that the
passing of sonic velocity does not entail any stability difficultics if the wansition is
made in a pedatively shogt time by vapid acceleration.

2. By wind-tanrel testing, it was found that efficient wing torms with high lifi
over drag ratio and effective control surfaces could be designed for supessonic Bight.

These Gesman achiovements sre not the vesult of any superiority 51 cheis technical
andd scientific personnel, however, boa raiber due 1o the vegy subsiudal snpport
cijuyed |vy their research insfitations in obiuming cxpeasive researcln equipaient, sue h
as b snpevsoiie wind ks, ey yeies hetore such cquipment wos plnned in
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from a trip to Europe in 1937, to install a supersonic tt}nnel at P.asadenn. General
Barnes decided in 1942 to build such a_tunnel at Aberdeen Proving Ground. the
design was based on model studies carried out between 194_0 E‘lﬂ(% 1942 at the Califor-
unia Institute of Technology. Wright Field and NACA are building supersonic wind
tunnels but until recently only one small tunnel with a cross section of 7.5 x 7.5 in. was
available. As the missile program made the need for supersonic aerodynamic data
urgent, the Budget Bureau of the Government ordered hearings with the idea rather of
restricting than encouraging the construction of such vital instruments of research
under the slogan of “avoid duplications.”

The picture of the situation on the other side is given by Figs. 1 and 2, which cover
German supersonic wind tunnels in operation and under construction.

It seems to me that the Air Forces have to recognize the fact that the science of
supersonic aerodynamics is no longer a part of exterior ballistics but represents the
basic knowledge necessary for design of manned and unmanned supersonic aircraft.
The Air Forces have 1o provide facilities and include this field in their research,
development, and training programs.

ARROWHEAD WING

The main difficulty of flying at speeds near and beyond the velocity of sound is, of
course, the extremely low lift-drag ratio of the airplane due to excessive drag. The
range of an airplane, for example, is directly proportional to this ratio. Wing theory
and wing design for subsonic airplanes were worked out with rather surprising suc-
cess in this country and we were ahead of the Germans in this field. However, in the
field of transonic and supersonic wing design, the Germans developed to the point of
practical application ideas which were only in the discussion stage here.

The optimum lift-drag ratio of the wing of a very well designed subsonic airplane,
the Mustang, is shown in Fig. 3. It is seen from the same figure that the lift-drag ratio
for a rectangular supersonic wing at a Mach number of 2 is less than that of an old-
fashioned biplane ceil. This is the point where new ideas must step in..

One such idea is that of the arrowhead wing (Pfeilfliigel), first suggested in a
scientific paper by A. Busemann in 1935, This was a dormans idea until revived with
success by German scientists and designers in the period 1942-1945,

The arrowhead wing is hased on the thoug
duces considerably the effective
As a matter of fact. if the swe
2\t(!(l cven at .'ill;\(;‘,’.‘ﬂ().‘li

ht that sweeping back the wings re-
Mach number of the wing and so lowers the resistance.
epback is sufliciently large, the shock wave can be elimin-
, l ¢ speeds over the greater part of the wing. 1 includs here two
motopraphs (Fig, 4) whice : A series Jvert i

l‘ ! 1 phs (.‘ 1. f) which ha,lnflg to a series of experiments carried ont at my sug-
prsiton inthe A herdeen supersonic wind tmnnel in Ay
Phoswe experinienes weere made ag o Mach number of 1,72, It is seen that the seraight
ees asirong shodk wave

wil, 1045, before T wear abroad,

Wing prew At the leadiag edpe which faily ro appear o the
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the transonic range. They found that the critical Mach number at which the compres-
sibility effects increase the drag and cause stability troubles, can be pushed to higher
values by Jarge sweepback of the wings. This result was utilized in several of their last
airplanes, for example, the Messerschmiwt-Lippisch design of their rocket interceptor,
the Me-163.

SUGGESTIONS FOR RESEARCH

I believe that for the realization of supersonic flight, the following engineering
ceseagches are indicated:

1. Complete airplane models with actual opesating power plant should be tested
for performance and detailed improvements in supersonic wind tunaels at supersonic
speeds. For this purpose supersonic wind tunsels of large test sections are necessary
so that not only the components, such as wing and fuselage, but a whole airplane as
well can be studied for optimum design.

2. Since wind-tunnel testing in the speed range in the iramediate neighborhood
of the sonic velocity is unreliable, research in this speed range should be supplemented
by special flying research airplanes in order to obtain performance data as well as flow
mechanics data at high speeds. For the success of these tests, a complete, careful in-
strumentation and flight-testing technique has to be developed so that accurate and
detailed flow informaticn can be obtained.

3. Methods of launching the airplane by various auxiliary power plants, such as
rockets, should be investigated. One promising means of launching is to combine the
take-off and climb into one single step by rockets as shown in Fig. 5. The transition
through the velocity of sound will be then very fast and the rockets can be dropped
when spent. No long runways will be necessary and the main power plant, turbojet,
or ramjet, can be designed most efficiently for supersonic operation ouly.

4. Landing is facilitated by the fact that the fuel consumed is a lagge percentage
of the initial weight, However, to enable landing at a safe low speed, deceleration and
lift increase by appropriately directed rocket thrust during the last few seconds of
descent may be necessary, as shown in Fig. 5. This method of landing has to be studied.

Only through such a program of research can the problem of supersonic flight be
satisfactorily solved. Of cout.e. from the paint of view of tactical usage of supersonic
aircraft, the result of this research program is only the first step. There siill remains the
question of working out the best ways of using an aircraft of supersonic speed for the
different situations. However, the very new horizon opened up by a velocity highes
than sound justifies the intensive research indicated. We cannot hope o secure air
supecsiority in aiy future conflici without entering the supersonic speed range.
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PIL2YLESS AIRCRARY

CERMAN DEVELOPMENT OF GUIDED MISSILES AND PILOTLESS AIRCRAFY

The German effort on guided missiles and pilotless aircrafi was aimed at three
tactical problems: (1) the bombing of Allied ships, both paval and merchant vessels;
(2) long-range strategic bombing of England; s:d (3) defense against Allied bombers.
Some thought and effort had also been given to the problem of the long-range
strategic bombing of America by unmanned missiles.

Development of high-angle and glide bombs to answer the first problem was
started about the end of 1939 or the beginning of 1940 and resulied in the PC-1400-
FX and Hs-293 missiles, first used in August and October, 1943. Both missiles were
direct-sight radio-controlled and became unusable as soon as air superiority was lost.

The well-known V-1 and V-2 were used to meet the second problem, which arose
after the failure of the attempt to bomb England by conventional aircrafi because of the
efficient British air defense. Although .he fundamental scientific research and develop-
ment work on these missiles had its root in projects initiated for other purposes as
early as 1935, the focusing of effort on the tactical problem of long-range bombing of
England appears to have started in 1941.

The history of development of the buzz-bomb (V-1) is quite interesting. An in-
ventor, Paul Schmidt, had 2 development contract from the Air Ministry for an in-
termittent jet motor in 1935. The work proceeded slowly. About November, 1939,
Diedrich, of the Argus Motor Company, who had been working for the Air Ministry
on exhaust pipe jet-propulsion nozzles, began work on intermittent combustion in an
open pipe. In 1940, the Air Ministry brought Schmidt to the Argus Company and com-
bined the developments. The first successful motor was completed in 1941. This motor
development itself was intended for use in aircraft. Abous that time the ground forces
development of the large V-2 rocket, which was started at a very early date, was de-
layed. Since this weapon was considered extremely important for the outcome of the
war, an official of the Air Ministry proposed the use of a combination of small airplane
with intermittent jet motor as a substitute for the same purpose. The V-1 was thus
conceived and became a development of the air forces. Its code name was originally
Kirschkern (cherry pit) because it was merely to be spit out against England.

Fieseler Aircraft Company was selected to build the air frame. The development
tests were made at the Air Ministry laboratory at the Luftfahriforschuagsanstale Her-
mann Géring, Braunschweig, in the 2.8-m high-speed wind tunnel. The original model
of the V-1 was not very good, the net thrust of the motor being zero ar 380 mph. About
60% of the operating time of this wind wnnel was needed for nearly a year 10 bring
the development to its present stage.

The first reconnaissance photograph of the V-i was taken by the DBritish at
Peenemiinde in April, 1043, and bombing mwade Peeneminde uninhahitable by Augusy,
1943. The first operatioral use of the V-1 was on 12 June 1244,

ty



The V-7 or Jong-range rocket was known a3 A-4 or Apparat 4 The firsi of 1o
series, A-1, was fired in 1935 at Kummersdort. ko was a small rocket of aluminum  o,,.
cteuction, 100-kg thrust, inteuded for use on aircraft.

Dr. vou Braug, leader of the Peeneminde group which deveioped the V-2, was a
student of Prefessor Hermann Oberth, a weli-kuowu invenior and writer in the field
of rockets, who had published books on interplanetary rocket travel. A group of
Oberih's students became interessed in rockets and organired an amateur rocket group,
All were well-trained scientists, In 193 %, Dr. von Braun was emploved by the German
War Department and sent to Peenemiinde. Tn 1941, von Reann hronght Oberth there
as head of the Patent Section. By 1941, Peenemiinde was an active test station. The
Me-163 was brought there in September, 1941 and in October, 1941 flew ata speed
of 1003 km, hr (about 623 mph). In October, 1941, the first supersonic wind-tunnel
tests were made on a projectile at 2 Mach number of 4.4. After the bombing of Peene.

miinde in Augnust, 1043 the activities were decentralized. The wind-tunnel sroup weus

o
miinde in August, 1943, the activ ere decentralized. The win nnel group we
to Kochel, where it was in operation in January, 1944, The first use of the V-2 was on
8 September 1944,

Development of guided-missile defense against bombers began early in 1943. The
missiles were all rocket-propelled and, in theixr final development, many were to be
automatically controlled with homing devices and equipped with proximity fuses.
Many of these missiles (X-4, Hs-298, Schmetterling, Rheintochter, Enziaii, and Was-
serfall) reached their final testing and early production stage but with direct-sight
radio-control only. The electronic developments, homing devices, and proximity fuses
lagged behind the vehicle and propulsion unit developments. The X-4 air-to-air mis-
sile was provided with an interesting direct wire control to avoid the possibility of
jamming, present with radio control. Two of the wings carry at the tips spools of finc
wire, long cnough to permit 2 range of three miles while maintaining direct wire cou-
nection between the missile and the control aircrafe. The wires can be fed out at speeds
of more than 400 mph. None of these missiles were used against our bombers. The
German situation became so critical indeed that developmeni of complicated guided

rockets was stopped in February, 1945, in favor of concentrating on small, ungnided
rockets to be used in large numbers.

The German military agencies, research institutions, and indusirial designers
devoted a large effort 1o guided missiles and considered ihem very promising weapons.

In Augusi, 1944, there were some 25 projects for homing devices under development

The major research laboratories of the air and ground forces made many wind-tunnel

and flight tests, some at high supersonic speeds, and made many theoretical studies of
problems related to guided missiles and pilotless aircrafs,

Perhaps the most importans result of the German effort in this field was to show
that winged missiles are superior in perfo
stage in the development of the V
The necessary wind-tunnel tests h
of the winged ground-io-air roc

150 e
@il V0

rmance to finned missiles. Thus, the pexi
-2 rocket was to have been the addition of wings.
ad been made in conpection with the development
$reve WU7. L . . . . .
win ket Wasserfall and ballistic computations had shown
that this change slore would increase the ramoe of the 373 250

: tetease the range of the V.2 rocker from about 250 1o

about 400 wiles, Wind-tun v ole oo <t . ; : -
Fig, nel models of the winged V.2, known as A-9, are shown in
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The German scientists believed, although some German engineers in industry
disagreed, that the ultimate guided missile would be completely automatic in its oper-
ation. Although for quick development and for test purposes they favored the use of
manual radio conirol, their long-range plans contemplated first antomatic blind
tracking of the missile and target, then the connection of the two tracking devices
through a computer to the radio control channels, and finally the use of a homing
device for the last parr of the trajectory and a proximity fuse.

Looking over the great variety of projects one finds that the V-2 rocket was the
most outstanding technical achievement and that the Peeneminde group of scientists,
working for the ground forces, was the most capable missile research group in Ger-
many. It is important for us to note that one element in their success was the fact that
they had under a single leadership in one organization, expersts in aerodytamics,
structural design, electronics, servomechanisms. gyros and control devices, and pro-
pulsion; in fact, every group required for the development of a complete missile. The
letters and papers in the files of industrial groups, like Messerschmitt, show gapid
progress in the field of vehicle and propulsion, the fields in which the firm itself had
qualified people, but delay after delay on controls and electronic devices which had to
be secured elsewhere. The Luftwaffe research laboratories made little progress in the
actual development of specific weapons, largely because of the absence of electronics
experts and their lack of facilities for the construction of experimental! missiles.

In addition to the German view that the final guided missile would be completely
automatic in operation, the possibilities of long-range strategic bombing were fully
understood. There is no question but that the diversion of the efforts of the Peene-
miinde scientists in 1943 to the development of an antiaircraft guided rocket delayed
the introduction of the winged V-2 rocket (A-9) and its successor, the trai.soceanic
rocket (A-9 plus A-10). Drawings and computations had been completed for the A-10,
a rocket weighing 85 T with a thrust of 200 T to be used as a launching rocket for the
A-9, accelerating it to a speed of 3600 ft/sec. The motor of the A-9 would accelerate it
further to 4 speed of 8600 {i/sec, giving it a range of about 3000 miles. Sotae consider.
ation was given to the design of one version of the A-9 carrying a pilot. The Scientific
Advisory Group agrees that the German results of wind-tunnel tests, ballistic computa.
tion, and experience with the V-2 justify the conclusion that a transoceanic rocket can

be developed.

The principal German advaniage in the field of guided missiles was the lead in
time in the development of rockets, which were considered to have serious military
applications as early as 1935, Much effort was put into this field and 35 a result
porting industrial developments were ready as a foundation for missile designers.
They could buy rocket motors and rocicet fuels from commercial sources. In this re-
spectthey lead us. The V-2 development was successful not so much because of striking
scientific developments as hecause of an early start, military support, and a bolduess of
execution. Irc the electronic field, radar in particular, we are definirely one or two years
in the lead, althongh we have not put o5 much effort in the experinental determination

id



PROTLESS AIRCRAFT FROM VIEWPOINT OF THE AIR FORCES

The Air Forces have rather thoroughly explored the dield of guided high-angle ard
glide bombs released from aircrafi. This program is undoubtedly well kaowa 1o ih,
2()Toncmanding General through the AMC progress reports. It includes preset plide
bombs controlled by an automatic pilor, high-angle and glide bombs remotely con.
trolled by radio with and without television repeat-back equipment, and high-angle
and gh’dé bombs homing by light, heat, and radar. During the war period there were
many projects and the number tended to grow continually. In this early stage of devel.
opment there was not much possibility for real sysiematic planning. It should be possi-
ble now to reduce the number of projects to those meeting definite military require.
ments and to standardize on a small number of missiles. These standardized missiles
should be used to continue research and development on homing devices.

Our endeavors in pilotless aircraft in the proper sense include, in addition to the
successful reproductions of the V.1 type, a few promising beginnings However, the
Air Forces should realize that the task is far beyoad the scope of inventing gadgets and
trying to make them work. There is urgent need of a systematic analysis of the various
tasks which manned airplanes equipped with bombs, guns, and rockets pesform, and
which now may be performed by pilotless craft.

In other words, two developments have to meet for successful solutions of the
problems: The tactical viewpoiat must lead to the choice of the types of pilotless air-
craft; on the other hand, physical science will proceed to offer more and more extended
ranges and improved accuracy.

However, beyond that the implications of the accomplishments of the German
Peenemiinde group and of the recent development of the atomic bomb by United
States and British scientists, future methods of aerial warfare call for a reconsideration
of all present plans. A part, if not all, of the functions of the manned strategic bomber
in destroying the key indvstries, the communication and transportation systems, and
military installations at ranges of from 1000 to 10,000 miles will be taken over by the
pilotless aircraft of extreme velocity. The use of supersonic speeds greatly reduces
errors due te wind drift and other atmospheric conditions and the tremendous zone
of damage of the atomic homb diminishes the required precision. Hence, the difficult
control problem is made easier.

For the future long-range stiategic bomber, the Scientific Advisory Group fore-
sees two types of pilotless aircraft, hoth with wings, one with a high trajectory reach-
ing far into the outer atmosphere, 2nd the other designed for level flight at high alti-
tudes. The first one can be considered as a furthey development of the V-2 rocket. In
fact, this was planned by the German scientisis. By using two or more step-rockess for
the acceleration, a very high speed is imparred 10 a missite, perhaps as high as 17,000
mph or more, to give ranges of several thousond miles. In this case, the wings are
requiced mainly for conirol purposes, but they also serve to extend the glide path in
i-he lower atmosphere. The German scientists have suggested a second iype of tra-
jeciory, f‘f:qlliriﬂg less inigial energy, in which the wing';; are caused o Lurva the paih
of the missile when it veiurns 0 the repion of increasing air density so that it rebounds
to great heights. After o namber of vebounds the winged wissile settles down o 7

sicady slide. § i
teady ghide. Such a teajec wore would seera ditficals v control acenrately.
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The second future strategic bomber is a supcrsonte plotless aircrafy, fiying o
altitudes of from 20,600 to, say, 60,000 ft. {t appears to us now hat the speed will b
ahout twice the speed of sound and that the aircraft will be powered by a mrbojec
motor. An intermediate step might be 2 pilotless aircraft teaveling at hkigh subsonie
speeds with a Mach number of about 0.9 about 660 mph at 40,400 fi,

For the future defense against hostile aircratt, 1t seems clear ihat supersonic guide
missiles will be used, propelled either by rockers or more probably by a ramjer. The
fully automaric radas beam-guiding methods of control of the type suggested, but not
experimentally tried, by the Germans will probably be used for guiding, supplemented
by simplified heat-homing devices and proximity fuses.

The present facilities and organization for research and deselopment of piloiless
aircraft appear inadequate. It cannot be expected that such complex problems can be
successfully solved by any group which is specialized in only one of the several fields

which are involved,

Leadership in the development of these new weapons of the future can be assured
only by uniting experts in aerodynamics, structural design, electronics, servomechan.
isms, gyros, control devices, propulsiesn, and warhead vader one leadership, and pro.
viding them wirh facilities for laboratory and model shop production in their speciai-
ties and with facilities for field tests. Such a center must he adequately supported by the
highest ranking military and civilian leaders and must be adequately financed, includ-
ing the support of related work on special aspects of varicus problems ai other
laboratories and the support of special industrial developments. It secms to us that this
is the lesson to be learned from the activities of the German Pecnemiinde group.
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PROPULSIGHN METHODE I TUE MAKING

INTRODUCTION

The following classification embraces the most imporiaut novel methods of
propulsion emerging from the war years, utilizing atmospheric oxygen:

Suggested Geriman
Designations  Designations

Reciprocating engine + ducted fan. ... ........... cereriieean. Motorjet M1,
Gas webine + propeller......o.oviiiiiiiiiiiiiil., Turboprop PTI.
Gas wrbine + ducted fan....,. Sreritraiisninieiteisiesieeiae..  Turbofan ZTL
Gas trbine b Jof. ittt i i i i et i Turbojet TL
Continuous jet, compression by aerodynamic ram............... Ramjet L
Intermittent jet. .. ovvvviiiiiiinnnieninnnn. cevrsiisseciaiaes. Pulsojer IL

These systems are shown schematically in Figs. 10a and 10b.

The motorjet is widely known as the Campini system. As a matter of fact such a
propulsion system was used in the first jet-propelled airplane which was flown in
Italy a few years before the war. Probably it will be found heavier and less efficient
than some other systems. All elements of the various systeins were known long before
the war in the patent literature. The fact that they succeeded in becoming pracrical
realities is due to several causes:

L. Fast aisplanes and missiles required propulsion systems independent of the
use of propellers,

2. Military use justified the design of engines with relatively peor fuel economy.
if they are lighter and less bulky than conventional reciprocating engines and/or could
offer themselves to simpler manufacturing wethods.

3. The science of aerothermodynamics, especially research on combustion in
high-speed airflow made great progress in the way years.

4. Metallurgy found new high-temperaturcnresiﬁing materials,

1 12 . -
5. Bold and progressive designers created prototypes of turbines and compres-
sors which conventional engineering considered impossible.

L2 2] NN, N . . . . . .
rue progress made in combustion technique, lightweight construction, and mate-

qale s I . P L . s : ;
rials is here to stay and developmcm will continue, In addition, proper scientific study

and further research will make at least some of the new propulsion systems equally

Vg . N b Nae ¢l M ; D o i
ormore econouiical than the conventional engiaes are now. On the other hand it may
also happen that the compatitios of the
cating engines to produce souwe radical im woveraenis in their own ficld, in the fel-
H
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compared in snme detail. Before discussing the most imeparrant types, ¥ include hece
as a matier of interest a 12-year plan for the period 1938-1950, which the man respon-
sible for engine research in the German Air Ministry published in a secrer document
in July, 1943, althvugh it does not appear to me as a very well-balanced and far-seeing
project,

First 4.Year Program (1938-1942). ‘i’he aim of the first 4-year program was the
development of simple turbojet engines for mass production, without particular regard
for quality, utilizing readily available material, simple manufacturing methods, and
generous tolerances. At the same time studies were to be initiated in preparation for
the second period. Resulis of the first period are shown in mass production of turbojets
such as the BMW 003, the Jumo 004, and the Heinkel-Hirth 011.

Second 4-Year Program (1942-1946), This period had the objective of develop-
ing the following iters:

i. Improved turbojets of higher power, capeble of operation at higher altitudes.
(Example: BMW 018 for 7700-1b thrust.)

2. Gas turbine + ducted fan units.

3. Gas turbine + piopeller combination. (Example: BMW 028 for 12,000 hp at
500 mph at sea level.)

4. Ramjet.

5. Research and design studies on a gas turbine with heat exchanger for long
distance flights. This has the German designation GTW.

6. Reciprocating engine + ducted fan units.

7. Research and development on the explosion-type gas turbine. One of the ideas
on this subject was the use of a pulsojet, such as the V-1 motor, as a source of gas for
operating a turbine.

Third 4-Year Program (1946-1930). Development to a working state of the fol-
lowing items was visualized for this period:

1. Gas turbine with heat exchanger (GTW system).

2. Reciprocating engine + ducted fan uvnits.

3. ‘The .ntermittent or explosion-type gas turbine.

TURBOPROPELLER AND TURBOFAN

It is general opinion that simultaneously with the development of the jet reaciion
principle for fast airplanes the gas turbine with propeller or fan drive will have wide
applications for airplanes of moderate speed. Jet propulsion has iutrinsically low
efficiency at low and moderate speeds so that the propeller is superior. Un the other
hand, it is expected that further research will belp the gas turbine attain at least the
same efficiency as reciprocating engines row have. It will then have the z iditional ad-
vantages of lighter weight, simpler construction, and absence of the vibrations ia-
herent ia reciprocating engines.

"The thermal efficiency of existing gas turbines is still considerably lowes than that
of reciprocating engines at their optimum operating coanditions. However, many

2
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methods not yet complerely developed are a vailable for improvement of the Lﬂu’”‘"’“}'

and assodiated reduction ef fied consumpuon of the gas turhine. Heat exchangers helyp

0 recover the cnergy of hot exhaust gases; intercooling between compressor stagos
and reheating between turbine stages increasc the cycle efficiency. Finally, the replace.
ment of the rotating compressot and combustion chamber by a reciprocating system,
for example, a free-piston gas gencrator,allows the use of high pressures and materially
fowers the fuel consumption. It is extremely desirable that all of these avenues of fuy-.
ther improvement be thoroughly investigated. An interesting German sngpgestion, a
free-piston gas generator with doughnut-shaped housing for the pistons, is shown in
Fig. 11. The arrowhead-wing principle applied to the design of high-speed propellers
for reducing compressibility cffects and increasing efficiency is also shown in Fig. 11.
Table I outlines Gesrman and Allied turboprop and ebofan, and high-speed propeller

developments.

TURBOJEY

The principles and main design characteristics of turbojet engines for airplanes
were known before the war in all countries. Fudeavors in private indusiry in England
and Germany starteq at about the same time, in 1935. Our own industry was somewhat
discouraged by official studies which were cerrainly much toc conservative, especially
concerning the weight of gas turbines and compressors. The German government
was perhaps more alert in subsidizing this development than was the English govern-
ment. The American development started with directives from General Arnold. As far
as the centrifugal type of compressor is concerned, the U.S. nnits were based on Whit-
tle’s design, utilizing our own experience with turbosuperchargers. The independent
development of the axial-type compressor started about the same time. In the German
designs, both cenrrifugal and axial types are used; with emphasis on the axial. The
progress of the actual prototypes in Germany is illustrated by a timetable taken from a
German report, dated 2 November 1944, shown in Fig. 12.

'The coraparative merits of Allied and German turbojet units are shown in Fig. 13.
It is seen that the Germans were ahead as far as the sizes of units are concerned; hut

they were trailing slightly both in specific weight of the engine and in jts specific fuel
consumption.

In Table IL, L am including a list of detailed research problems which may be help-
ful for planning future research in the field of gas-turbine and jet engines, as well as in
the field of turbcjets. None of these problems was solved in Germany with decisive
success; but most of them were carefully studied in German laboratories. The status of

German research is indicated with some remarle concerning the outlook and recomn-
mendations,

The present application of turbojet engines is for propelling airplanes at the upper
2 fi 1 " o ¥, : [P s o . M M 3
end of the subsonic range. Although the propulsian efficiency of the jet is relatively
low at such flying speeds, its application is justified by lightness of weight and sirm-

exdlnioo. ~f o vz et o : : : . - . . L-’M
prcity o construction of the jet engine in comparison with reciprocating engines, 366
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.L ccause the sfliciency of propeller drive decreases somewhar ag flight speeds approach-
y s g NP > T . - N . .. .
111?{5(.11111. velocity. On the other hand, the propulsive efficiency of jet drive is increasing
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wiath incressiag wghi velodity; henes, we have w0 consider <he possibiliey of using the
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TABLE 1§

FURBOPROPELLER AND TURBOFAN DEVELCPMENT

NOTE: No detailed list of allied y.rojects is presented since most of the active projects are Classic

fied.

Item

Turboprop

High-Speed
Propellers

Turbofan

Free-Piston
Gas Genera-
tor

et - s R

German Projects

BMW 028; Adapration of BMW 018,
12,000 hp at 500 mph at sea level, wt
7700 1b. Design stage.

Jumo 022; Adaptation of 012, 8000
hp at sea level. Preliminary design
only. '

Daimler - Benz 021; Adaptation of
Heinkel-Hirth Oll, 4000 hp at 500
wmph at 25,0600 ft. Design stage only.

Tests of swept-back propeller blades
at DVL, Berlin, and AVA Gaettingen,
show improved efficiency at high-flight
speeds,

Design studies by Junkers, Heinlel,
BMW.

Junkers reciprocating free piston and
LFA rotating free piston.

Remarks

U. 8. leads Germany in having a low-
powered twrboprop in experimental
operation, namely, the TG-100. Ger-
many leads U. S. in development of
high-powered unir, namely, the BMW
028. Recommend U. 8. push develop-
ment of larger powered units. U. S
needs greater capacity in compressor
and turbine test facilities, and wind
tunncls for resting large gas turbine
nacelles.

Intensive investigation of swept-back
propellers in high-speed wind tmnnels
recommended for U. 8., since it shows
possibility of increasing top speed of
propelles-driven aircraft.

Recommend immediate evaluation of
this drive for application to U. §. aix-

craft,

Rotating free piston shows promise of
decreased weight and size over re-
ciprocating free piston. Recommend
German  development be evaluated
whether advantageous for applica-

cations in 1), S,
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TABLE 1t

GAS TURBINE PROPULSION RESEARCH PROBLEMS

Problem German Projects

Highor Yomporatures

High Temp. DVL and Industry

Alloys
Ceramic LEA cond AVA.
Blades

Air-cooled; BMW et al.
Water-cooled; Schmids, LFA.
Sodium-cooled; Rierz, AVA.

Cooled Tux-
bine Blades

Highor Talo-Off Threst

Tail Pipe
Burning

Used in Jumo 004.

Liquid
Injection

Experiments with H,0, HNO,, N,0.

Overspeed at Not much done.

Take-off

Most German jet engines have adjusi-

able il cones.

Variable-
Area Nozzles

Acredynamic Improvements

Research at Gottingen, Stuttgart. Lictle
research on increasing stage pressure
rise by slots, flaps, and boundary laye1
suction. Extensive plans for test equip-
ment at Brauaschweig, Gottingen,
30,000-hp aerodynimic compeonents
Iaboratory planned at Orztal.

Compressor
Blading

Remasts, Ontlook
and Recommendations

U. 8. materials superior, but we should
push research ou fatigue improvement.

U. S. not behind, but research on im-
proving brittleness needed.

Evaluation of German water-cooled
and sodium-cooled technique recom-
mended,

Increased take-off thrust important for
turbojets.

Results promising but more thrust
increase needed,

German units handicapped by mater-
ials.

Development should also include ad-

justable stator vanes.

Germany slightly ahead due to eaclier
start. Germany’s 30,000-hp Otztal com-
ponents laboratory exceeds in scope
all U. S, plans. Recommend a full-scale
AAE components test laburaiory e
supplement basic research of NACA,
which should also be expedited.



TABLE 1~

- Cenfinved

AS TURBINE PROPULSION RESEARCH PROBLEMS - Continved

Aoradynamic lmprevomcis { Centinuod}

MNagelle

Aerodynamics

Wind-tunnel tests on jet-engine
nacelles at Braunmschweig, Stuttgart.
Otztal 100,000-hp, 27-ft diam, M =1.0
wind runnel for testing full-scale jet
nacelles (80% complete).

Cyele lmprovemant

Intercooling

and Reheat

Regeneration

Closed Cycle

Design studies by industry.

Design studies by industry; AVA
ceramic heat exchanger

No evidence of serious consideration,

Application to Missiles

Subsonic
Missiles

Missiles

Design studies of expendable tarbojets
to replace Argus tube of V-1,

No indication of German thought on

supersonic turbojet application.

Remarks, Ontlook
and Recommendations

U.s.

tunnels inadequate in size and speed

Present German and wind

for jet nacelle tests. Germaas had
100,000-hp runnel under construction.
Recommend large high-speed tunnei
of similar size be included in plans for

AAF equipment.

German emphasis on mass produciion
of turbojets Postponed applied work
on cycie improvement. U.S. woik
should be encouraged.

Recommend systematic research on
efficient, light weight, heat exchangers.

Recommend Ackeret-Keller system at
Escher Wyss, Zurich, be evaluated in
terms of aircraft application, especially

with use of helium.

Recommend development of expend-
able, simply constructed turbojet foi
missile application.

Recommend further studies of super-
sonic turbojet and construction of
experimental model. Supersonic wind-
tunnel facilities for testing propulsion
units at supersonic speeds urgently

needed.
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tarhojet as a propulsion unit for very high speeds, for exampie, speads well beyond the
velocity of sound,

Due io the imporrance of this subject, [ initiated a Scientific Advisory Group Study
of estimated turbojet performance at speeds extending beyend the speed of sound.
The results showed thai even with the present-day limitations of operating tempera-
tures imposed by matierials, the turbojet should outperform the mmjét up 1o 2 speed of
1.5 times the speed of sound, and that with increased temperatures still better per-
formance would be obtained. This is in direct coniradiction ro a widespread belief
existing at the present time that a compressor is useless for supersonic speeds, aud
that the simple ramjet becomes the logical propulsion system. Many other engincers
seem to believe that neither the turbojet nor the ramjet is capable of functioning above
the speed of sound, and that rockert propulsien is the only possible drive for supersonic
flight. We do not believe that this is correct. Our analysis has definitely shown the
feasibility of using rurbojets for supersonic flying speeds. If the torbojet should be
used for supersonic missiles, an expendable type turbojet must be designed in such a
way that the manufacturing costs do not become prohibitive. The Scientific Advisory
Group several times emphasized the importance of a study of expendable turbojet
designs. German reports also include suggestions for the same type of development and
at least one project was under way.

The divergence of opinions among various experts on this subject shows the
necessity of further fundamental investigations which best can be done in supersonic
wind tunnels.

It is our belief that the use of higher speeds will aiso affect the aerodynamic design
of the turbines and compressors. The rotational speed of turbomachines is today often
restricted by our lack of knowledge of supersonic flow paiterns. The development of
supersonic turbomachinery may lead to further reduction of the weight and frontal
area of jet-propulsion units, and materially improve the performance of manned and
enmanned airplanes.

RAMJIEY

Ramjets and rockets are the simplest and lightest propulsive devices for aircraft
and missiles. The fuel consumption of the ramjet is rather high and, therefore, in the
whole field of jet propulsion, it occupies a place between the rocket and the turbojet.
Unlike the turbojet, it does not use any mechanical compressor, the compression being
obiained only by ram. Therefore, it is indeed a pure aerothermodynamic engine, with-
out mechanical moving parts. Its maximum efficiency occurs naturally at very high
flight speed. Hence, it is most suitable for propulsion of aircraft and missiles at tran-
sonic and supersonic speeds, especially for short flight durations. This 1s the reason
why the idea of using ramjets, although it was suggested decades ago, lay undeveloped
until today, the age of high-speed flight.

For maximum ram efficienicy, the design of the evtrance diffusers for transonic and
for supersonic speeds is somewhat different as shown in Tig. 14
Due 1o its promising furure, the ramjet ts being 1k nsively developed by the

Adtres; 10 was cartier dt‘»’i“‘::g‘,cd by the Cevmans. The sitnation is ontlisied ia Table I
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TABLE 1

RAMIED BEVELOPMEPNT

Germany Allies

1943 Fa, Walter Co. of Kiel deslgned a ramjet 1943 Combustion rescarch was starred  at

which was tested at the LFA upto M = Nadonal Bur, of Standards and MIT,
0.8¢. Fuel consumption 7 Ib/he/lb of
thrust,

1944 Focke-Wulf Co. designed a short ramjet Further Allied development data classi-
which was tested at the LFA upto M = fied CONFIBENTIAL

0.90. The fuel was first vaporized before
barning. Fuel consumption lower than
Walter ramjet.

1944 W. Trommsdorf designed a ramjet pro-
jectile stabilized by spin. Few inirial
trials not successful.

1944 E. Sanger and A. Lippisch suggested use
of coal in ramjet as fuel. Combustion re-
search done at Gstiingen.

1944 Supersonic diffuser for ramjet was
studied both at Géttingen and LFA.

A comparison of efforts shows that, although the Germans have run some wind-
tunnel tests on their designs, we are not far behind in this initial phase of ramjet devel-
opment. In fact, past of our effort is wisely direct~d toward the basic problem of com-
bustion, thus insuring rapid future progress.

PULSOJET

The engine used for the German V-1 flying bombs was the first successful example
of a pulsojet. The difference betweca the pulsojet and the ramijet is that the former
utilizes the resonance effect of the duct to obtain higher cotabustion pressuses; there-
fore, a better fuel economy is realized in the pulsojer than in the ramjet, which operates
without resonance effect and depends on ram compression only. Aiso, due to this
difference in operating principle, the pulscjet can prodnce a static thrust whaile the
ramjei cannot. Yowever, it is the general belief, substantieted by theoretical analysis.
that the advantages of a pulsojet over a ramjet gradually disappear as the speed ‘of
flight increases. For supersonic speeds, the ramjet may be the lighter power plant, with
the possible further advantage of smooth thrust. However, it seems 10 me thar it is t00
carly to say which power plant is the better one, and this decision should be postponed

until more test data on boh types of engine are available.

German development of the pulsojet was started by Paul Schmids, the inventor, as

carly as 1935. As previously mentioned, its application to the flying bomb, V-1, must

. . N . . ?n"
be considered as a temporary expedient, used only when the development of the V-2

.. . . et is heomatically i
rocket missile was delayed. The history of the pulsojet is shown sche matically in
N M . S e 5 o Ven.
Fable IV, It is seen that, akbongh the Germans were the firsr to have a working pulso
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TABLE 1Y
PULSOIET DBEVELOPMENT

Gerwany Usited States

1935 P, Schimide started to develop the pulsojet 0. 8. projects sitll classified SECRET
under the auspices of GAFE. Peefected an

ignition device for 50 cyc/sec but found

ignition unnecessary once engiie was

running. Complicated fuel injection.

1939 Argus Motor Co., Berlin, also started to
work on the puisojet. They had a cam-
bersome intake valve shaped like a

1940 The simple injection system of Argus
was combined with the Schmidt spring
air valve, Flight tests made.

1941 Decision made to apply the Argus
engine to V-1,

1941 Continued research to increase the

to  thrust of V-1 engine, both by static and

1944 wind-tungel tests. By removing part of

the obstruction to the air flow, DFS

Group has increased the thrust from 660

to 880 Ib. A conical inlet for more air

flow by P. Schmidt increased the static
thrust to 1500 1b.

jet, their more recent efforts have produced only limited success. The development pro-
gram in the U. 8., while started late, is more thorough and should yield reliable data
for judging the comparative merits of the pulsojet and the ramjet in the near future.

ROCKETS

Rocket propulsion differs from the jet-propulsion devices hitherto mentioned in
that the rocket does not utilize atmospheric oxygen. Tis performance is, therefore, prace
tically independent of aliitude; in fact, the thrust nroduced increases somewhat when
the outside pressure decreases. It functions best outside of the dense past of the at-

mosphere. As a matter of fact, it is the only propulsion device for the upper stratosphere
and the stellar interspace.

Rocket propellants are either liquids or solid mixtures with moderate or slow
rates of burning. Gaseous propellants require bulky containers and are, therefore, im-
practicai. One class of the Higuid propellants is calied monopropeilants; 1.2, liquids
which under action of igniters or catalyzers decompaose and generaie a large volume of
hot gases. The cxpacsion of the hor gas through the rocket npzzle accelerates the gas
and penervates the thrasy, The bipsopellanis nr the multipropellants are propellants
?nﬁsisiing of two o1 more components. (ne component is the oxidizer which, when
brought tegeiher wish the oiher COMpOnens in she rocket motor, sustains @ vigorous

a2




combustion reaction and gencvates a Jarge quantity of hot gas. The hot pas, in tun
. & ] LN
produces the thrast by expansion through the nozzle. The combustion for some pro-
WL s frae N R T S [ o s vatalsirneae . : . )
pellunts hias to be started by igniters or catalyzers. But there is a class of bipropellants,
such as the combination of nitric acid and aniline, which is spontaneously inflammable
when the components are brought into contact in the rocket moror,

Oune of the iraporiani findings of the siudy on rockets carried out by the Scientific
Advisory Group is the facr that, barring the use of atomic energy, the optimum per-
formance of all possible combinations of chemicals used as rocket propeliants is not
greatly different. Two methods of comparison can be used; comparison can be made on
a constant weight-of-propellant basis or on a constant volume-dfnpropellant basis. The
propellant which has the highest impulse per unit weight is the liquid oxygen and
tiquid hydrogen combination. But the propellant which has the highest impulse per
unit volume is the nitric acid and aniline combination. The extremely low density of
liquid hydrogen makes very large tanks necessary for its storage and, thus, practically
rules out its use in the liquid oxygen and liquid hydrogen propellant. High impulse
per unit volume (and, hence, small body and low drag) is very important in guided
antiaircraft missiles which have to travel at high speeds in relatively dense atmosphere.
The German choice of a nitric acid propellant for such missiles is believed to have been
prompted by this advantage.

As a matter of interest, I shall include here the definitions of a few novel terms in
German rocket engineering.
Monergol:  Monopropellant.

Hypergol:  Bipropellant or multipropellant that is sponraneously inflammable
when the components are brought tegether in the motor.

Ergol: The inert part of the fuel component in the “Hypergol.” For instance,
the aromatic gasoline in the mixwmre with aniline for nitric acid.

Initator: The active part of the fuel component of the “Uypergol.” For instance,
the aniline in the mixture with acomaric gasoline for nitric acid.

Katagol: Monopropellant which is decomposed by catalyzer charged in the
motor.

Liquid propellants are generally stored in tanks in the body of a missile and have
to be forced into the rocket motor by one of the following methods:

1. Gas, under pressure, acting on the liquid surface in the propellant tanks. The
gas can be obrained either from high-pressure storage tanks or from a gas generator,
using part ot the main propeliant itself or a separate solid propellant for this purpose.
as to be deiven by a gas turbine using hot gas from

2. Liquid pumps. The pump h
propellant supply or by an auxtliary

a small combustion “pot’* fed by a part of the main |
propellant,

At present, the gas-fed systems are generally heaviers than the pump-fed systems

for durations longer than 30 sec and thrusts Jarger than 1000 1b. The gas generatss
.m due io the saving of the

system is, of course, lyhter than the gﬁ.s-under-}uc:,:,l‘~“., ¥s
pas-botile weight. On the other hand. the simbplicity ot 1
wrhine-pump systcin has mony aeddvantages when ceally lerpe-scale production for

g

‘ 1
e gas-fed system over 1he

expendable weapons is considered.
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Rockets as means of propulsion have been developed in the United Seates with twao
main applications in mind. Che first application is the artillery rocker and the second
application is the assisied take-off of heavily loaded airplanes from small airfieids,
and possible short-dugation boosr o achicve high performance. As actnal operatianal
experience was accusmlated, it became evident that the requirement for large airfields,
for landings by baitle-weary pilots, and the power boost of conventional engines by
water injection, practically eliminated the necessity for asissted take-off as far as land
based bombers are concerned. However, some recent developmenis iadicate a re-
newed {iierest in rockets. These developments are:

1. Long-range winged missiles, rising io extreme heighis where the rocket is the
only power plant which can operate without the assistance of atmospheric oxygen.

2. Guided antiaircraft missiles with a rocket as the main propulsive unit or as the
lanaching device.
3. Launching of supersonic, long-range, piloiless or manned airplanes.

The task of the rocket in launching aad take-off of sapersonic airplanes and
winged missiles is not fully covered by the term assisted ralee-off, In fact, the rocket
will in many cases be the main source of power for take-off of such aircraft.

Both in the U. 8. and in Germany, after rocket engineers had succeeded in con-
structing liquid-fuel rocket motors of several minutes endurance, the idea came up to
use rockets as sole power plants on manaed airplanes capable of shoxt duration flights.
In Germany, such an airplane (the Me-163B) actuaily was used in combat as an inter-
ceptor. However, it is doubtful whether such an airplane will be justified after power
plants of almost sirilar lightweight as the rocket motor but with much lower fuel
consumption, like the ramjet, become available, and afier perfected targei-seeking
missiles have taken over the task of short duration manned intercepiors.

The historical development of rockets by the Germans is summarized in Table V.
Iis seen that the Germans were forced by the requirements of the war to develop cheap
and easily manufactured propellants and to accept the difficulties of handling such
prepellasts as nitric acid and hydrogen peroxide.

There is no doubt thas the various applications for rocket motogs mentioned above
fully justify the statement that rocket research and development have become one of
the maost important responsibilities of the Air Forces for the future. It is true, of course,
that many applications of the rocket concern the ground and naval forces. However,
the Air Forces should saintain leadership in rocket development as a main and an
anxiliary source of power for manned and pilotless aircraf; they should develop their
own facilities for testing rocket propulsion devices; and they should secure a free
hand in maintaining the collabosation of the best scicntific };EL’SOHII&{ and the best
equipped laboratories in the Nation. Qur early perfeciion of long-duration solid-pro-
pellant cockers, and the promising results obtained with nitric-acid aniline and nitgo-
methane liguid propellants should be furiber explotizd. The propulsion of long-range

1 yiteer} ; . g g g ‘ . . . -
winged missites and anuaircraft miss s, and the rake-off of supersonic afsceafr are

poring Air Forces appheations which call for powerfnl progress in rocket engi-
necring,



TABLE Y

DEVELOPMENY OF BOCKETS

Gerinany

The German solid propellant for artillery rockers has a wide operating
rejuperature range of from -~ 40° to 140°F,

To obtain smooth burning at pressures below the crirical pressure of
the solid propellant, a spring-loaded regulator valve is fired to the

MOLNL.

The handling of B0% concentration of 1,0, was made relatively safe.
Long duration H,0, and methyl alcohol and hydrozine hydrate rocket
was perfected fur Me-163B. Turbine-pump system functioned well.

. The difficulty of producing enough H,O, and the advantage of high
density of nitric acid-aniline propeliant for guided missile application
forces the Germans to use the latter, Improvements are made 1o shorten
ignition lag, even after ihe addition of inert component to the fuel.

. Film cooling and evaporative cooling was developed, particularly for
high performance propellants such as liquid oxygen and alcobol.

. Early trial on monopropellant not successful. The Schmidding propel-
fant, z mixture of meshyl nitrate and methyl alcohol, was not reliable.

United States

11. 8. projects still
classified SECRET
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ATOMIC BRNERGY FOR JET PROPULSION

Based upon the published valucs of the measured heat of fission of U, [t js
calculated that the available encrgy of this marerial is 3,120 x 10* BTU per pound.
This is more thun 1,500,000 times the lower heat value of gasoline, the most powerful
fuel generally used roday. The study of chemicals suitable for fuels or rocket propel-
lants indicates that no really radical improvements in the BTU per pound ratio can be
expecied within the frontiers of molecular reaction. It will be possible to produce fuels
and propeliants more suitable for certain types of engines, increase their safety, im-
prove their handling quality, and lower their cosis of production. Nevertheless, no
hope for spectacular improvements in range and speed performance of aircraft can be
derived from furiher development of conventional fuels. Use of atomic energy as fuel,
howevet, will radically change this sit:xa,tion.

‘The question of whether or not and how atomic power can be produced contin.
uously and at a constant rate suitable for propulsion cannot be discussed in this report.
Let us transfer our thoughts to an era in which the fundamental aspect of the problem

already has been solved.

It appeass to me that the application of atomic energy to transportation will
probably precede the application to power generation for starionary purposes. In the
latter case the cost is the governing factor; in transposiaticn, it is the cost and the
weight of the fuel to be carried. In high-speed aerial transportation the importance of
weight transcends the importance of cost. Hence, it may be cuncluded that the extreme-
ly expensive atomic agent, now having been developed as an explosive, will be used
for propulsion and probably jet propulsion.

In speculatiog on the possible use of atomic energy for this purpose we have to
change our usual concepts. For example, the weight of the fuel proper is certainly
negligible. In other words, the available energy is almost unlimited. The problem is
kow smuch of this energy we shall be able to utilize in an engine of limited size and
limited weight, where the weight of the engine includes all materials which have 1o
be carried in the vebicle besides the atomic fuel proper.

X.et us coasider, for example, the case of rockets. We shall exclude the use of the
disintegrarion products as working fluid for the rocket. The temperature of the disin-
tegravion producis alone withous dilution would be oo high for any known cr possi-
ble engineering materials to resist. Since temperature is the limit, the most efficient
expansion process for the fluid is the isothermal expansion, with the temperature of the
pgas kept at the maximum allowable value by constant reheating. Inasmuch as one ob-
wains the highest exhaust velocity by using a working fivid with the least possible mole-
culas weight, hydrogen should be used. ‘Then assumin g a maximuin temperature of
8000°%, which would require cooling, of course, and a chamber pressure of 100 times

stmnsphieric pressure, we can obiain a specific impulse 6f 1363 W-see; ib of aydrosen
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carried in the vehicle. This means that the specific propellant consumption of rockets
would be reduced from the present day vaiue of 18 Ib/hr b of thrust 10 2.6 llr”hr/’ih of
thrust. This is a great reduction, even though the ratio is far below the spvect:'icular
figures for wae ratio of the effectiveness of atomic and conventional bombs, However,
the use of atomic energy would ceriainly allow the construction of rocket-deiven pilot.
less aircraft which could reach any point of the globe without stop. Even intesstellar
aavigation appears feasible.

As to jei-propulsion devices using atomic energy with aunospheric air as wotking
fluid, ihie fuel ceasumption itself again would be aegligible. The size and performance
of the craft driven by atomic power would depend méiﬁly on the weight of the auxil-
iary materials like moderators, and devices for cooling and for controlling the rate of
energy production. Of course it is difficult today to make any estimate of the bulk and
weight cf such equipment.

The most interesting feature of such a propulsion system is that the overwhelming
part of the weight to be carried by the vehicle is independent of the endurance and
only a very small portion of the weight is proportional to the flying time or the range
desired. In other words, if one succeeds in reducing the engine weight to the limiting
value which makes flight at a certain speed possible, very small further reduction of
the weight would increase the range almost without limit,

It seems to me that there are possibilitics in the development of nuclear energy
for jet propulsion which deserve immediate attention of the Air Forces. To be sure
there are problems still to be solved requiring inventive activity of specialists in nu-
clear physics. However, the main problems are engineering problems requiring in-
ventive genius of the same order but different kind. We have to convert the energy
liberated by the nuclear reaction into heat of such temperatures as needed for our pro-
pulsive devices. Important problems to be solved are in the nature of heat transfer, re-
sistance of materials to hest, corrosion, etc. It appears necessary to find a way, within
the limits of necessary security, for engineering talent which could be used to acceler-
ate the progress in the field of propulsiosn. It would secure us the conquest of the air

ever the entire globe without range limitations.
It is my feeling that the Air Forces should, as scon as possible, take the lead in
investigating the possibilities of using nuclear energy for jet propulsion.
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Of « 2 novel power plants mentioned in this report, only the turbojet and the
liquid-fuel rocker motor have heen successfully used on aircraft.

Our Bell P-59 (turbojet), Lockheed P-80 (turbojet), and Ryan FR-1 (recipro.
cating engine and propeller plus turbojet) are all well known to the Commanding
General,

The Germans had developed and used some jet-propelled aircraft in combati, and

had others under development. This is shown iu Table VI

For future fundamental planning, a very careful choice of propulsion systems is
necessary. It is possible to make a basic analysis, computing for various systems the
sum of the specific weight of power plant and fuel required to travel at a given speed
for » certain endurance. Then the optimum power plant is the one for which this sum
has a minimum value. However, it is impossible to decide rigidly from such a simple
study which type of propulsive system is best for a certain purpose. Beside the mini-
mum specific weight of the power plant and fuel, many other aspects enter the picture,
One imporrant factor is the frontal area of the engine. Then also the structural weight
of the airplane is influenced by the choice of power plant. The jet-propelled airplane
has the advantages of not requiring a minimum ground clearance for the propelles,
and of being comparatively easy to maintain. On the other hand, jet propulsion intso-
duces aerodynamically difficult problems such as the intake and ducting of very large
quantities of air.

No one has doubts about the great future of jet propulsion in military aircraft.
However, such general statements as “one or two years from now all fighters and
bombers will be jet propelled” should be replaced by careful, scientific analysis which
secures jet propulsion its proper place, but does not exclude other combinations such
as the turboprop og, in the case of extreme ranges, the reciprocating engine and pro-
peller. The choice of the most efficient power plant must not be influenced by any
general feeling that the propeller appear: obsolete.

I believe that German high-speed wind-tunnel results will prove o be very helpful
in our designs in connection with acrodynamic and vibration problems originating
from interference between the jet system and the 2ip frame. However, the Air Forces
should, in cooperation with aircraft designers, initiate a comprehensive high-speed
wind-tunnel test program in order to obtain further information in this field. The
ATSC ook the fiest step in such a program by holding a mecting betweea NACA,
industry, the Nav .

y and the ATSC in late summer, 1945. However, any program which

is undertaken wi \ cevae crel o . : coa
s underealen will be severely restricted and handicapped for a long time by the lack

of high-specc

runnels of sufficiendy larpe size.
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1a more or aes conveational, in that tke-off and clinnb were accomplisheqg

WIS

ST RIRE
under 11§ owin powcet. However,

ihe Natter was satended 10 be Janached nearly vy
by by menns of wo or four solid propetlant launching rockets. It was to be aimed

a point 2 km behind the point © collision su that atmael of
from the rear. This 1~()(-liet-.;~>f:‘.'z-:>llcd inferceptor wis armed with 214 rockets of 7,310
celiber. After the rocket ammunition is cxhrasivd, the ateplane is caused o disinge
grate; the nose seciion is allowed to fall freely and be expended but the air frame wid
rocler propulsion motor and the pilot are saved by parachutes. A former Lufrwafle
pilot, who had been convicied of some crime, acted as test pilot in the first flight of the
Natier and was killed.

Rocket ajrplanes have, at the present time, intrinsically, only a few minutes of
endurance. Their use as interceptors in the future may be made unnecessary by the
developinent of more economical propulsive devices of light weight, and perfection of
target-secking electronic or heat devices which would eliminate the need for a pilot.
However, I highly recommend that the rocket-type of airplane be developed at the
present time for research purposes. One advantage of rocket deive in this case is the
possibility of exact thrust measurement, which is extremely difficult for any other pro-
pulsive sgstem, These research airplanes would be very useful for studying perform-

ance, flow conditions, and flight mechanics.



FAILLESS AIRCRMAET

In Germany, tailless aircraft were intensively developed by A. Lippisch and by the
Horten brothers. The Junkers’ designers did a considerable amownt of engineering
study on large tailless airplanes but none were actually consicucied.

Lippisch worked on the design of tailless airplanes at DFS beginning in 1936, He
designed a series of about eight aircraft, before the time when he came in contact with
Messerschmitt and developed the Me-163A and Me-163B. Stability problems were
encountered at high speeds and the Me-163B was “redlined” at a2 Mach number of
0.80 (590 mph at 25,000 ft). Satisfactory stalling characteristics were obtained by a
special low-drag fixed slot at the wing tips. A vertical tail was found necessary for
satisfactory directional stability. Lippisch’s latest design was the P-11, a tailless air-
craft with two turbojet engines. The critical Mach number was estimated to be 0.92
(about 680 mph at 25,000 ft); wind-tunnel tests indicated a drag coefficient as low as

0.0063.

The Horten brothers flew their first tailless aircraft in 1935. They received no
support from the Air Ministey until February, 1945, foilowing the publication of a
photograph of a Northrop tailless airplane in “Interavia.” Their design was to be
powered with two Jumo 004 turbojet engines. Computed high speed was about 600

mph.

The development program for tailless 2'rcraft has been more extensive in the
United States than any place abroad.

The Northrop XP-56 was a pusher-type, flying-wing fighter. This airplane was
flown only a few times and indications were, from these tests, that the periormance was
short of expectations and that difficulties in control were encountered. Unfortunately,
wind-tunnel tests necessary to trace the basic reasons for these difficulties could not be
carried out, because no high priority could be attached to merely experimental

projects.
Theorstical studies here and abroad show significant advantages (for example,
longesr ranges) for tailless aircraft over tailed aircraft, especially in the case of gross

weights of 150,000 Ib and moge. Of course it must be assumed that the tailless aircraft
shich would compromise the

is made stable and maneuverable without measures wh
performance. The recent recognition of the advantage of swept-back wings for very

high speeds makes the tailless airplane particularly attractive also for transonic air-
planes. It is the opinion of the Scientific Advisory Group that the development of

tailless aircraft should be encouraged; however, actual construction should be sup-
plemented by extensive wind-tunnel investigations of methods for improving stabilicy

and control at high speeds.
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ABROBDYVEIAMIC LISCRLEANEA

By aerodynamic miscellanea, I mean auxiliary items which contribute to the
advance of the aerodynamic art. The items which I now consider ave:

i. Flow Measurement ‘L'echniques,
2. Laminar Flow Wings, and
3, Boundary Layer Control.

A discussion of these miscellanea foliows, with a brief review of German develop-
ments and comparison with our own,

FLOW MEASUREMENT TECHNIQUES

The average level of German development in wind-tunnel instrumentation ap-
peared somewhat below our own, although in some instances they had surpassed us,
especially in fields such as supersonic aerodynamics where their basic facilities were
more advanced. On the other hand, their electronic equipment was generally inferios
to ours.

In high-speed air flow, in both the transonic and supersonic range, instruments
which project into the air stream cause excessive disturhance of the flow. For this
reason, both German and Allied areodynamic instrument development work was
concentrated largely on methods of studying air flow by methods which do nct disturb
the flow pattern.

Several interesting German developments were:

1. Combination Schlieren and interference methods which show both density
gradients and lines of constant density on the same observation screen or photo-
graphic plate, as shown in Fig. 15.

2. A novel X-ray method of measuring density, which makes use of the fact that
the absosption of an X-ray beam is dependent on the density of the medium through
which it passes.

3. A corona method of measuring velocity, which utilizes the fact that the po-
tential of a corona discharge varies =ith the speed of the air passing by.

4. A spark method of determining local temperature, by measuring the focal
speed of sound, at which the disturbance, caused by a spark discharge, travels.
. A brief comparison of German and Allied developments in measurement tech-
aique is given in Table VI,

LAMINAR PLOYY WINGS

n this rore fup . ,
“ In this field we were far ahead of the Germans. In the following paragrapbs, the
{yormas avals Pt mea s Sy s . _ 2
Geeman development status will first be given, followed by our owa.
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TABLE Vil

FLOW MEASUREMENT T

German Derelopment

Extensive development ar LEA, AVA,
WV A for measuring density in high-
speed air flow; nothing new in prin-
ciple but considerabie development of
derails. LFA has syrtem whereby simul-
taneous Schlieren and interference
pictures are recorded on the same
photographic plate.

This method used at Kochel utilizes
principle that ahsorption of X-ray
heam is a funcrion of density of the
medinm through which it passes.
Ionization meter is calibrated in terms
of density.

All supersonic wind tunnels have
associated Schlieren equipment. Larg-
est mirrors are 1.2 m in diam, under
construction for Kochel 1 m by 1 m
Mach number 7.0 tunnel.

A spark creates a disturbance travel-
ling at the speed of sound. Measure-
ment of the local speed of sound de-
termines the local temperature. De-
veloped for WVA,

Generation of high-frequency waves
affords another method of determining
temperamre by means of measuring
the local velocity of sound.

Some work 2t Gottingen but not very
advanced.

Aachen development of corona for
velocity measurement.

Method developed at Fassberp for
measariog speed in the jet of rocket,
by means of the Doppler eifect.

Used in many of the Gimerminent wind
twnnels, such as LFA, AVA, W VA, o
MEASUTe (ransient [Grvees,

.
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Allied Develojment

U. 8. development by Ladeubury,
Princeton, Also small project hy Dy,
Williams, Pasadena, I S. application
lagging German.

Unknown to Allies.

Used in the few existing Allied super-
sonic wind tunnels.

Application to temperature determina-
tion unknown to Allies.

Application to temperature determina-
tion unknown to Allies.

U.S. developments, especially by
Dyyden, Bur. of Standards; also by
Liepmann, C11; superior to Germans.
British work alsu more advanced than
Gerimans,

Experimental development by Lindvall,
CIT, in 193%, Not contnued. Sor.:
work at MIT.

This method not used by Allies for
measuring speed of rocker discharge.

In common use in 18, wind ronnels.
Llecrrouic technique in geaceal super-
1or to German.,

!
\
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TABLE VH - Continued

FLOW MEASUREMENT TECHMNIQUES - - Confinued

Itein German Development Allivd Dervelopment
Piezo Elec. Used at IL.FA for measuring irausient  ‘This method is also in use by Allies
Capsules forces. for special purposes.
Half This technique used at WVA; conven-  This technique alse »eed at CIT.
Models ient for rmeasuring pressures, hinge

moments, erc,

Cavitation Similarity between caviration and com-  Water channels not used by Allies for
pressibility phenomena used for quali-  simulated compressibility effects.
tative work in water channels on simu-
lated critical compressibility condi-

tions.
Simulated For wind-tunnel models, small high- Not used as yet by Allies for wind-
Turbojets speed compressors are used to simu-  nnel models of jet aircraft.

late internal flow, and alcohol is
burned io introduce heat.

Flexible In some supersonic wind tunnels, Flexible walls have been ordered for
Walls continuous flexible walls of the test  Aberdeen, Wright Field, and Ames
section are used to change Mach supersopic wind tunnels Flexible
number. Some tunnels used fixed  walis have been in use for several years

nozzles and variable diffuser. by NACA and in England.
Half-Open In some supersonic tunnels the test  This technique mot as yet used by the
Jets section is partly closed and partly the Allies for supersonic flow.

open. This is said to decrease wall in-
terference, espacially through wan-
sonic range.

German Develepments.

According to the German 2erodynamicist Schlichting, German work on laminar
Aow airfoils did nar ssarr until about the cad of 193¢ By 1940, Schlichting considerad
shat the fundamentals were known. Drayg coefficients as low as 0.0027 were reached

, . .
at a Reynolds Number of 5 x 107 but the Germagn scientisis were unable to retaia ue
low drag at higher Reynolds Numbers. They were handicapped by jack of suitable
low-turbulence wind tunnels. On onv occasion, Prandtl repoerced: “Suirable wind
tunnels for the conduct of airfoil invustigations at sufficiently high Reynolds Number
hand. it is known thatin

and at low turbulence are lacking in Germany. On the other
the U. §. A, particular installations created for this purpose are working exceptionaliy
vigorously in this fictd.”

Tests were made on & Japanesc Liminac fow airfoil on three atrfoils derived frou

3
one member of an ohsolere NACA Series 17215 iw hich was described i a caprared
2 purt, and on g few airfoils Jdesigned by Schlich

ring. The Germans also

1
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had seime (Hormaiion o Russian lamdnar How airfoll obtained from 4 capinged

i.’()pnri.

“the Germans never used lamivar flow airfoils on aircrafi. They were astonished
and myssified by the performance of the Mustang and made many wind-iunnel znd
i - : T P - : X 3. . .
flight tests. They pave the following wbulation of wing profile drag coeffiicients
(obtained by momeninm method) for a number of airplanes at lift coeflicient of 0.2:

He-177 0.0109 Ju-288  0.0102

Me.-109B €.0101
Mustang 0.0072

The German comment is: “The drag of this only loreign original airfoil tested
up till now is far below the drag of all German wings tested in which it should be

NS T U . 144

remembered that it was tested without any smoothing layer.

Another writer says: “A comparison of flight measurements shows quite unmis-
takably that the Mustang is far superior aerodynamically to all

4
other airplanes and
that it maintains this supergiority in spite of its considerably greater wing area.’

Alliad Boveloprments.

The WACA began investigations of Jaminar flow airfoils in a low-turbulence wind
wanel in the spring of 1938, and the encouraging nature of the results obtained
(without details) were described in the Wilbur Wright Lecture of the Royal Aero-
nauiical Society on 23 May 1939, and in the NACA Annual Report for 1939. In june,
1939, an advaace confidential report by Jacobs was released. A summary was published
in March, 1942 in confidential form. The most recent summary was relaesed in March,

1048 . hi > e o s mesenes —_—
1943, and this summary has been kept up to datc by supplementary sheets.

Rl

As indicated in the summaery of German developments, the Allies arc far ahead
in low-turbulence wind- .nel e~uipment and in knowledge of laminar flow airtoils
and their application to airc .is. Drag coefficients as low as 0.003% at a Reynolds
Number of 20 x 10° have been obtained,

A . - g . . . . :

4 swiinary of the present state of knowledge is given in the NACA restricted
report L5CO5, “Summary of Airfoil Data,” by Abbott, von Doenhoff, and Stivers,
March, 1945,

BOUNBARY LAYELR CONTROL

In this field the Germans had an advanced start and had just about reached a
practical state. A discussion of German and Allied dezvelopments follows.

German Developments. Considerable wark was done on boundary layer control
at AVA, Gotdugen, stacting in 1925, The first aieplane with boundary layer control
was built and Hown i 1942,

From about 194 . e - . . . T
om about 1942 on, work was intensificd. Schwics obtained a maximum lift

cactlicient of 4.4 waing pressnre o . .
A tsing pressind et boundary layer control in wind-tunnel tests.

T . .
I July, 1943, Suiper obiined a maxiinum §

axiinum fik coefficient of 3.8 in fall-scale flight

witht bonndary fayer sontrol by suction Uhe maximuin lift coefiicient on D13

Afr

)
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airplane without boundary layer conurol was 1.9, About the same time, o maximnm
jift coefficient of 3.4 with boundary fayer control was reporied in wind-tunnel tests
of a four-motored airplane wiich was to be asveloped by Junkers. A unique suction
and pressure-jet boundary layer control system was used, Air was sucked in over the
inboard portion of the wing, just ahead of the {laps, and blown out over the sutboard
poriion of the wing, just ahead of the ailerons. In November, 1943, Wagner o

work which was done at Arado, showing a ma~imum lift coefficient of 4.0 to be poss-
ible.

At
All Cer

1
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- ducting reqaived and
the power required to drive the boundary layer control 2quipment constituted serious
obstacles to the successful, practical application of boundary layer control. However, it
was felt that these obstacles could be successfully met. At the end of the wae, an Arado
transport airplane, having low landing and take-off speeds because of boundary layer
control, was in service in the German Air Force.

Uniz o ©iotes Byl wneiiis,

An L-1 airplane was equipped with boundary layer conirol by suiion. The maxi-
mum lift coefficient was 3.5 without boundary layer control and 3.6 with boundary
layer control. The landing speed of the modified L-1 was considerably higher than
that of the criginal airplar e due to the weight of the boundary layer control equipment.

Boundary layer control has an important application in making low landing
speeds possible on high-speed aircraft. It also appears that the potentialities of bound-
ary layer control in the transonic speed range have never been svstematically evaluated.
We found that some interesting work was done by Ackeret at the Institute of Tech-
nology ia Zurich, Switzerland. The Scientific Advisory Group recommends that an
intensive research program on boundary layer control be under taken by the Army Air

Forces.
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THE ART @GF RADPAR

INTRODUCTION

equipment and techniques in the radar and electronics field which offer possibilities
of profoundly affeciing the whele concept of future 1ir force operations. Thesc devices
have already passed the laboratory stage, and nearly $3.000,000,000 worth of radar
equipment is now in actual combat use in the Army, the Navy, and the Air Forces.
Thus, the fundamzstal ideas in the field have been thoroughly proven and are definitely
here to stay.

in spite of the rapid progress made in a relatively short time, the technique in this
field is still in its infancy. Enormous possibilities lie ahead, and addiuonal researcls,
both on the technical and on the operational side, will pay huge dividends in more
effective air force operations.

At the same time, the rapid introduction of new and miraculous devices has fed
to the feeling among the uniniriated that anything is possible by the use of electronics.
It is, therefore, of greatest importance to understand thoroughly the limitations as well
as the possibilities of radio, radar, and elecironic equipments in order to avoid raising
impossible hopes and in crder to eliminate unnecessary and ill-conceived rescarch and
development programs.

Funaamentally, radar is a device which enormously exrends the range, power,
capabilities, and accuracy of human vision. For example:

1. The human eye cannot see in darkness or through fog, civuds, and rain,
1. . . . . ¥ ; 1 by :
Radar is not av all iimited by darkness or by fog, and to only a slight extent by heavy
clouds and rain.

2. The humar eye determines only roughly and with difficulty the distance

o an object which it sees. Radar determines the distance rapidly, accurately, and
continuously.

1 . « k] : ,
5. 'Yhe human eye can pick up or see objects such as airplanes oaly at distances
oo . ~ s )

of a few miles. Suitable radar can sec aj a

e a 200 males.
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4. The human eye, aided by optical instruments, can get accurate data on bear-

ing, elevation, and range of only one distant object at a time, and considerable time is
requjred for such determinations. Radar can determine and display these data within
a few seconds for all obiects in view ove

% : I an enormous area, in the best cases np to 2
radias of 200 miles,

These features of rada: oper

. . v up many possibilitics, such as: all-weather day and
night air operations; a

. foncrease m accuracy and versatility of hombing, gunfire, and
navigation; the control from the ground or from the aip of major aiy f

aree operat 10115,
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provision of information aad conirols to selieve the overburdened pilot, both in navi-
gation and in combat; and, the accurate semote conicod of pilotless airceafi.

Furthermore, it mast be realized that radar is not a facility or attachment which wil
occasionally be used under bad conditions. Rathe

operated so that radar is the primary facility, and

1, the air force of the future will be
visual metheds will he caly occasion-
ally used. Bad weather or darkness are normally prevaient from 50 o 90% of the time,
and predictions of good weather at remote points fail to be realized from about 25 to
50% of the time. Hence, in an all-weather aiy force, radar must be the universally used
tool for sombing, gunfire, pavigation, landing, and control. The whole structure of the
air force, the planning of its cperations, its training program, and its organization
must be based on this premise. The development and perfection of radar and the
techniques for using it effectively ar: as important as the development of the jet-
propelled plane.

GERMAN RADAR DEVELOPMEMTS

Broadly speaking, the radar act in Germany at the end of the war was in about the
same state as it was in this country and England in early 1942. The Germans did not
realize the possibilities of microwave radar, for example, until they inspected equip-
ment shot down in British and American airplanes. Furthermore, they were forced,
during the laiter years of the war, to concentrate their efforts on defensive measures
and, hence, never developed a concept of the offensive use of radar. Finally, the British
and American jamming and countermeasures techniques were so effective that over
half of the German radar devclopment talent was forced into the task of developing
antijamming measures, to protect their own existing radar equipment. This did much
to stop progress in the development of new radar techniques.

The beginnings of German radar took place at as early a date (1936} as the cor-
responding developments in the United States and England. By the beginning of the
war the Germans had an early warning system of good design and were making pro
gress on equipment for control of fighter aircraft and for antiaircraft artillery. The
German scientists felt that 50 cm was about the shortest wavelength that could be
practically employed in radar and concentrated very considerable engineering talent
on the development of a variety of equipments at this wavelength. Their engineers
considered the development of microwave techniques, but discarded this possibt ity
as impractical because no adequate transmitter at such frequencies wns kr - fo
them. The equipment they had in use at 50 1o 60-cm wavelensths, heroves was ex-

cellent in its engineering design and very large quantities wc . actual use.

Germany suffered seriously through e lach. of ~ go: & arganization of their sad.ar
and clectronics development effort. Most f . devalopment took place in indusuial
laboratories such as those of Telefunken, but the very briiliant grovp of Germ'zm
physicists in universities were never called in 1o participate. (,h:)nse(}iuzm.ly, whfl;:
engineering design was good. imaginative ne v thinking was !a(,kmg'. I'he mdust{'ml
engineers complained thar they received no intelligent and understanding cooperation
from any of the militery agencies Phey believed thar die top miliaary commands had
no C()x!ztspriun of the rportaice of radar and Cecrronic equipment. 434 the othur

. . Ve . i [FEPI) I .
hand, the university screnfiste disd ot nhe the iniisvise to mobilize their effores then
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selves as was done in the United $tafes and England, The close coordination which
existed in this country between both techuscal and operational military officers, the
industiial laboratories, and the university scieniitsts was completely lacking in Gop.
many. Some attempt 1o remedy this situation was made in late 1944, but the effort never
gat going before the end of the war. The develunment work was scastered widely
:hro;gh(;m the country, largely due to the disruptive effects of Allied bombing, and
the various agencies and laboratories worked independently and without adequate
coogrdination.

The oaly German radar put into extensive tactical use was that designed for air
warning and air Gefense. Early warning stations, ground-controlled interception sta-
tions, artiaircraft fire control equipment, and airhorne aircraft interception equinment
were all in effeciive use. The techniques used by the Germans for navigationai assist.
ance o somuers on offensive missions during the Battle of Britain did not utilize
radar, but w.apivyed elaborations of the United States airway navigational aids. In-
genioue ragio bezsu techniques were employed and in some cases these were made =0
operatc bomb computing devices in the aircrafi. However, the British jammiug of
these radio beams was very effective, in spite or strenuous efforts con:nuovisly made
by the Germans to change frequencies and otherwise alter their technizues to avoid
jamming. The concept of using microwave airborne radar for bombing and attavic on
shipping apparently did not come uatil British and American planes carrying such
equipment were shot down over German-occupied territory. The caprure of this equip-
ment created a considerable sensation among German scientists and military experts.
Alarge efiost was immediately undertaken to copy this equipment. However, no sooner
had a start been made os conving 10-cm equipment than 3-cm equipment appeared in
American planes. Rumors that even shorter wavelengihs were being developed by the

Allies caused the Germans to stari work on 1.cm and shorter wavelength devices. . - -

Their efforts became so scattered thereby that apparently no mdcser o -,-z?_.uinmf?{'_‘;
all was ever put into production. In addition, the efforts of - gine: L
s wety ¢

diverted to improving their air-defense equipment and te S« .5 me e
lied ¢ N Lo . X ds of avoiding

Allicd countermeasures, so that ine positive efforis (o diw o iad: .

wer . . . o ¢ new offensive

uses were greatly rcarded. The concept of using 120 gop b g trol of
. U, . fOunG Con

tactical and stracegic air operations, so successfulty »  _goyed hﬁ ¥3.S. 8th and 9th
\ S the 17, 8. 8th an

Air Forces, aprarently never occurred to the 7:i- 50, s 1€

ground eguipment could have heen adaptes ¢ s pur
2

«n thoagh some of their
oy e
Tne development of rockets zad ot anmar .. . ol
. in G ; , A3 nissiies was far ce actively
yursued in Germany than the devel - wng ¢ " U5 was a m;)xc a !
apparently no advanced elecsconic o dio

ectronic eguipment. As a result,
. . - > N " e ~OIT-
parable with Allied developsients on ot b ro} metheds for their missiles co
the Germans had an active ‘vordip oo

ad the paper or laboratory stage. Had

to that built up by the Allies <od by e D7 development program comparable
. B e 1 el 1 s 13y M v RsTA

dungercus weapons mipght bave i t.)um!nm,u with their missile work, so 3«,'
artous ideas were reported by individua;

vorkers for the conirol of 1 e o 1. id
wrodynamics Iaboratories apparently did

not have adequate electronic . oy " ;
from contact with the acrod. . - ., ciecivonic engineers were largely cat off
e e Y the 1most suecessl nissile develop:
ment organzaton, the Peew e Yaly the wost successful missile develog
o
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section, Y] auihified electeonic enyiacersg




RADAI FROM THE VIEWPOINY 0F THE AIR BORCES

1S

‘The »bility to achieve air force operations uader all conditings o darkaess and
weather contributes more than any other single factor to inceeasing the military effece
I r AL SN . s
tiveuess of the air forces. Hence, any research progeam designed to overcome the
limitations to flight at night and in had weather wili pay big dividesds,

Radar has already done much to overcome visibility limitations, and is of ths
geeatest importance in the problems of traffic control in and near airports and of
lruding under conditions of bad or zero visibility. Although there is room for great
techniczl developinert of the radio and radar aids to landing and traftic control, one ot

the chief peoblems is the development of a system in which all conceivable aids will & .~

properly integrated and used together. This can ouly come as a result of x>
experience and a comprehensive program of trials. ~nstve

Radar has revolutionized methods of air navigation. Th{s,r?-/;‘/ .
wave radar, which peemits the vse of narrow beams. s ~cYeiopment of micro-

. . . wadble continus resenta
tion to the navigator of a more or less recogr:- ™ bles the ‘“ommu?,us presrnia
In its eagliest and crude form lirtle mr - -izakble riap of the surrounding country,

, oo . :
distinguished; but modern deve? - _s€ than cities, towns, and coastlines covid be

~opments give sufficient resolution to idepsity many

features of the landscape - Pr & - o dy meeny

) ‘. such as rivers, sireams, bridges, and rail lircs andé make
feasible the use of - . .

evident on. " Trdinary maps. In addition, heavy storm clouds .naks :heraselves

'itf"" " e radar screen. Over the sea, radar contact flying is revricted to areas

_wus sight of identifiable land, but radar “sees” at distancss up w3 6 or 100 miles.

The possibilities of direct radar navigation are grearly extended by thie use of
strong, readily identifiable, artificial echoes provided iy radar beaccas, the radar
equivalent of optical beacons or lighthouses. Y.adz- pesinits the mzasurement of dist-
ance to the beacon and its bearing within the irheiwnt accuracy of the radar eguipment
carried on the aircraft. By mcasuremercs o-. s%o beacons, the position of the aircraft
can be determined.

Microwave systems give essentiaily shorrrange navigation. For long ranges the
puise technicues of radar are 2jiied to Jonger waves, for exumple, in the Loran system.
Here two pairs of ground stztions ersit synchronized pulses. In the aircraft the pulses
are received and *ae time differerce between the arrival of the pulses from the members
of a pair is weasurs;. This Jocates the aircraftcna hyperbolic line of position and twe
such lines gi~+ « fiz. The airplane carries only a receiver and the traffic capacity is

The use of radar in strategic bombing operations has pr>< " itself in this war.
Switable radar equipment can allow the carrying on of such operations under the
many conditions where visual bombing is not possible. Only a beginning has been

made in the development of radar bombsights and much remains to be done to improve
their precision, their versatility, and over-all operational nsefulness,

Tremendous improvement in the control and marshalling of air forces appears
possible through the medi.un. . f airborae radar. Control of air operatious includes
military funciions, involving radar suw illance of movemenis of friendly and enemy

f L0115, ing :
. . . : e mickions.
aircraft, and the guxdance O our QW plancs on tagtd MIss10ns,
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The amre ievelopment of contrel 7200 feils into two categories: radar foe ihe
defep-e of wis country, and radar {o: 2 .uck. 11y not necessary to sqy more abom the
wd-Leateol tadss. The problem of the futuee is chiefly 4q
e.momic ong to insall sufficient swations to surrcund the country completely is
nossible and nevessary. Since these siztions can be easily integrated into the airlines

of great peacetime value. While in peacetin -

sere o possibilities of e

navigational net, the “avesunent will
the nenwvorle wil? be extremely valuable, i v-ar ic will be our pretection against sneak

attacics, and against air raids of ail descrip ions. Constrol radar for offensive warfare
wili vudoubtedly develop to the poim where a anified command of aic operations i«
#ossible thirougheut the whole operation, “The commanding genseral will see the dis

pc i ‘on of his own and enemy forces, wheti:or piloted or piloiless, and be abic to
instantly modify his plans.

Radar also ha: been used in aerial fighting for alrcraft interception, ‘or range
finding, for wil warning, and for fire control, particulasly in the defense of he. vy bomb-
ers. Future developments of radar equipment for fighters are largely uependent on
the extent to wi:.ohi it is found desirable to control fighters by grouv.c equipment of
increased rang- vad resolving power. Fire control and associated radar equipment for
heavy bombers can be made indefinitely more and more complex. An analysis to deter-
mine whet er one should abandon such air battleships seems in ovder, before develop-
ing mere complicated equipment which may only slow down the airplane to the point
where still raore and more complexity and fire power is needed.

The radically altered military situation produced by the development of guided
missiles has been discussed previously. The development of radar and other detection
and navigation devices Las provided a wealth of technical means for locating and guid-
ing missiles. The essential problems which radar can solve are those of locating the
missile, locating the wrget, and transferring intelligence to and from the missile. The
present fuirdamental limisation is thas the missile cannot be followed over the horizon.
This limitation has co be circumvented iy providing one or more relay stations, puiting
the controlling radar in an aircraft, or by shifting the location probiem to the missile
itself. Long-range guidance will be combined with homing devices for attack against
certain targets, for zxample, ships.

The applhicorion of radas to guided missiles brings in new problems because of the
large scale on which missile warfare roust be planned. Radar components of much
siapler design must be developed.

Mast of the problems mentioned «i;ove require, before all, engineering skill and
talents for cle ‘er adaptation and com! ination of recently developed principles and
methods. Howver, the art of eadas is 20 new that limitations which appear today may
suun disappecr becaus» of novel discoveries. The Air Forces must be alert in swiftly
utiliziog auy nev o+ i peoents
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The militar dpphcatmns of infraved and hewy epdiztton vre tor {1) sign lhng,

(2) identification, {3) detection, (4) communicasion, and (5) guiding of heavt ming
missiles.

GCERMAN DEVELOPMENTS

At the onset of the wayr, the Germanrs assumed that the Ailies wonld employ ifra-
red equipment and consequently produced in limited quastity a simple phospl -~ © is1-
frared detector as a countermeasure, These instrumenrs were very insensitive con: red
with the U. §. phosphor develeped sownewhar Jater in the wvar Although wotl. on-
tinued in Germany, apparently it did not lead to improved insttoments.

Very intensive work was done in Germany on the development of vlectron © ige
tubes. However, this work was pot unified and there appears to have heen consid:. ble
duplication of effort and lost motion due to 2 lack of full interchange of inforu.: i oo
"The performance of the tubes was quite good but none of the designs was suita.i',i for
large quantity production. Furthermore, instead of concentrating on the manufr.. e
of one type, they attempted to produce four or five different types. The telescopé:
with the image tubes were elaborate and complex in the extreme; for example, ne
driving aad gunsighting telescope had 17 glass elements mounted in a strie ee
weighing more than 25 pounds. Because of this, German produccic: was ‘onl'i Bt
getting started at the close of the war. A total of 1000 to 3600 units was built, ko b
most none of ihese ever saw combar duty.

b

gnalling and identificae -

The Germans appeared not to have develeped a si e
A

system using tholofode cells. In the field of inirared communication equipment o
phones), the Germans were somewhat ahead of the Allies in that they had at least 1204
units in field service. These units are not technically superior to the developmuizal
models built in the United States. ‘

The Gertan work in the far-infraged field (heat) was not very exiensive, tue =
work reported so far being a aumber of ship-detccting wnits for detecting apd o -
mining the range of ships off shore.

the culy

ALLIED DEVELOPMENTS

Tne British concentrated work on a simple electron image mbe suited Pm.l. ’h
for signaling and identification, although it was used experimentally f'ov~ sucl? pli;rjwiz
as driving, gno aiming, erc. Production started about 1941 and the -tnst.""f’ft’»fn o
For security reasons, tew Were use n;n
the Continent but some, together with a few U. S. instruments, were used in P oxth
Africa,

1. §. produciicn of image inbes and wlescope

, . i e in lirge SRR o3
Lev wer . . e lager, Their firse use in lurge nun
TREy wele NUI Produced s guaniliy onvL d yost 2

used vu ihe British Isles throughout the war.
cearved until 1942 = d

5 wis 1308
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was by 1 e Mavy for signal communicasions. Later the Ariny put 6.0 the field a puy.
sighting 1nd reconnaissance unit. These were used almost exeloavely in the Pagi
Y ) :

@it

Airb inc applications have been found practical but the vartoos technical diffi
: 1 >

cultics w ~¢ ¢vercome too late for field use, Detection of atres it By infrared teiescopes
was four: noi 1o be feasible.

No ¢ . nmunication systems for specch transmission weic put ineo produciion.

Very - teusive work has been done on heat sensitive efements for znided missiles,
the prodi. “ion in some instances running inic fairly large figures. Recent tesis of the
VRG6, a b.: -homing missile developed by NDRC Division 5 in collaboration with
ATSC, ha+ - been very successful.

The ;. sibilities of infrared and heat-seeking devices are certainly not yer fully
explored. i will be one of the important rescarch fields of the Air Forces. The im-

pottance - his branch of physical research will be enbanced by the fact that many

induserial « 1 military establishments will try to obtain velative safety by going undes-
ground,
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